Prochlorococcus marinus CCMP 1375, a ubiquitous and ecologically important marine prochlorophyte, was found to possess functional genes coding for the ␣ and ␤ subunits of a phycobiliprotein. The latter is similar to phycoerythrins (PE) from marine Synechococcus cyanobacteria and bind a phycourobilin-like pigment as the major chromophore. However, differences in the sequences of the ␣ and ␤ chains compared with known PE subunits and the presence of a single bilin attachment site on the ␣ subunit designate it as a novel PE type, which we propose naming PE-III. P. marinus is the sole prokaryotic organism known so far that contains chlorophylls a and b as well as phycobilins. These data strongly suggest that the common ancestor of prochlorophytes and the Synechococcus cyanobacteria contained phycobilins. Flow cytometric data from the tropical Pacific Ocean provide evidence that deep populations of Prochlorococcus possess low amounts of a PE-like pigment, which could serve either in light harvesting or nitrogen storage or both.
MATERIALS AND METHODS
Flow Cytometric Measurements. Sea water samples were collected at different depths during the France-Joint Global Ocean Flux Study OLIPAC cruise held in November 1994 aboard the N.O. l'Atalante. Samples were analyzed immediately using a FACScan (Becton Dickinson) flow cytometer and cell concentrations of Prochlorococcus and Synechococcus were determined as described (16) . Orange fluorescence was collected through a 585͞42 nm bandpass filter and normalized to 0.95 m fluorescent beads (16) .
Culture. Several Prochlorococcus isolates and marine Synechococcus strains were grown as described (14, 15) . The P. marinus clone CCMP 1375 and the Prochlorococcus sp. clone CCMP 1378 were obtained from the Center for the Culture of Marine Phytoplankton (Bigelow Laboratory, West Boothbay Harbor, ME). Four other Prochlorococcus isolates (NATL1, NATL2, TATL1, and TATL2) described in ref. 15 and the Synechococcus isolate ROSO4 came from the culture collection of the Station Biologique (Roscoff, France). Strain WH 8103 was kindly provided to us by D. Scanlan (University of Warwick, United Kingdom).
Polymerase Chain Reaction (PCR). The following primers, taking into account the specific codon usage in Prochlorococcus (6, 17) , were designed: primer P1, 5Ј-GC(A͞T)CGNCT-NGA(A͞G)GC(A͞T)GC(A͞T)GA(A͞G)AA-3Ј corresponding to the peptide motif ARLEAAEK (residues 36-43 in Synechococcus WH 7803 ␣-PE); primer P2, 5Ј-CNCCNGC(G͞ C͞T)ATNCCCCA(C͞T)TC(A͞G)TC-3Ј equivalent to DEW-GIAG (residues 106-112, antisense orientation). The primers were used in PCR, applying 35 cycles of 94ЊC for 60 s, 62ЊC for 60 s, and 72ЊC for 75 s. Single amplification products were obtained for P. marinus (204 nt) and the marine Synechococcus (228 nt, control).
Southern Blot Hybridization, Analysis, and Identification of Genes. Experiments were performed according to standard methods (18) . Nonstringent hybridizations were performed in 7% SDS and 250 mM Na [PO 4 ] (pH 7.2) at 52ЊC, and otherwise at 64ЊC. Positive clones were isolated from a genomic library in bacteriophage gt10 (6, 17) and from a library in cosmid vector SuperCos1 (Stratagene). DNA sequence analysis occurred from both strands using the chain termination method and an automated laser fluorescence sequencer (Applied Biosystems model 373A). The identity of P. marinus CCMP The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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1375 was verified by partial sequence analysis of the 16S ribosomal RNA gene (5) .
Isolation and Analysis of RNA and Proteins. Total RNA was isolated and analyzed (10 g per lane) as described previously (6) . For analysis of proteins, cells from a 10-liter culture of P. marinus grown at 4 E m Ϫ2 ⅐s Ϫ1 were centrifuged for 15 min at 9000 ϫ g. For Western blotting, the method for the isolation of phycobilisomes from Synechococcus was followed (19) . PEG 6000 was added to a final concentration of 15% (wt͞vol) to the supernatant of a Triton X-100 extract, and then the solution was stirred at room temperature for 1 h and spun at 27,000 ϫ g for 30 min. The lower (water) phase was collected, and the proteins were precipitated with 10% trichloroacetic acid. Western blotting was performed with an antibody against purified PE of Synechocystis PCC 6808 (courtesy of J. Houmard, Institut Pasteur, Paris). Phycobilisomes from Calothrix PCC 7601 grown in green light to increase PE production (courtesy of J.-C. Thomas,École Normale Supérieure, Paris) were used as a control.
Fluorescence Spectra. Cells were resuspended in TENS buffer (50 mM Tris⅐HCl͞2 mM EDTA͞10 mM NaCl͞200 mM sorbitol͞1 mM benzamidine͞5 mM -amino-n-caproic acid͞ 0.1 mM phenylmethylsulfonyl fluoride; pH 8.0). This treatment causes cell lysis and release of soluble proteins. After centrifugation for 30Ј at 27,000 ϫ g to remove cell debris and membranes, the supernatant was analyzed using a LS50 spectrofluorimeter (Perkin-Elmer) equipped with a red-sensitive photomultiplier. The emission spectrum was corrected for band shape distortions using a correction file provided by the manufacturer.
RESULTS
On board flow cytometric measurements made in the tropical Pacific Ocean revealed that natural populations of Prochlorococcus from the bottom of the euphotic layer displayed a significant orange fluorescence, almost equivalent to that of near surface, light-saturated Synechococcus cyanobacteria (Fig. 1) . This suggested the presence of low amounts of PE within Prochlorococcus cells at depth. However, DNA from cultured Prochlorococcus strains isolated from different locations and depths did not hybridize significantly to PE gene probes from various marine and freshwater cyanobacteria (data not shown). In contrast, primers directed to conserved residues in known cyanobacterial ␣-PEs allowed the specific amplification of a gene fragment from one of these strains (P. marinus CCMP 1375) by PCR. The PCR product was used to isolate several genomic clones (see Materials and Methods). Genomic DNA ( Fig. 2A) as well as several of the genomic clones hybridized specifically to this PCR product. Single prominent hybridizing gene fragments were also found in the genomic DNA from the marine cyanobacterium Synechococcus ROS04 and from one additional Prochlorococcus strain, (Fig. 2B) . DNA sequence analysis of several independent genomic clones revealed the presence of two tightly linked open reading frames of 465 and 546 nucleotides (Fig. 3A) . Their derived amino acid sequences are strikingly similar to known PE ␣-and ␤-chains, respectively. Both P. marinus PE genes are somewhat smaller than the corresponding cpeA and cpeB genes from marine Synechococcus (Fig. 3 B and C) , but the possible deletions are restricted to less-conserved regions and the reading frames are preserved. The ␣-and ␤-chains consist of 155 and 182 aa and have estimated molecular weights of 17.3 and 19.3 kDa, respectively. Several residues known for their functional importance are present: chromophore attachment sites, Cys-73 in the ␣ subunit and Cys-50, -61, -82, and -163 in the ␤ subunit; chromophore interaction, Arg-75, Asp-76 in the ␣ subunit and Arg-84, Asp-85, Arg-77 and -78, Ala-81 in the ␤ subunit (11, (20) (21) (22) (23) (24) (25) . The known cyanobacterial ␣-PEs contain either two or three chromophore attachment sites per molecule and are designated as types I and II, respectively (11, 21, 24) . In contrast, the presence of only one attachment site for a chromophoric group as well as the unusual sequence aa 51-70 in the ␣ chain and aa 147-162 in the ␤ chain characterize Prochlorococcus PE as a new type that we propose to call PE-III. As in other cyanobacteria, the cpeA and cpeB genes of P. marinus are arranged in tandem and are cotranscribed (Fig.  3A) , as indicated by a transcript size of 1.3 kb (Fig. 4A) . Maintenance of continuous reading frames and of functionally important residues as well as the occurrence of a transcript demonstrate that these genes are functional in Prochlorococcus.
The presence of a phycobiliprotein in P. marinus CCMP 1375 was demonstrated by immunoblotting. A polyclonal antiserum raised against the PE of Synechocystis PCC 6808 recognized a protein with an apparent molecular weight of 21 kDa in water soluble extracts from P. marinus (Fig. 4B) . Spectrofluorimetric analyses demonstrated that this protein binds phycobilins (Fig. 4 C and D) . Fluorescence excitation spectra exhibited a major peak at 496 nm (Fig. 4C) , suggesting that phycourobilin is the dominant prosthetic group in P. marinus PE (25) . The occurrence of a second peak at ca. 550 nm suggests that some phycoerythrobilin is present as well. Both these chromophores have a main emission peak at 572 nm (Fig. 4D) , slightly red-shifted (ca. 6 nm) compared with that of a suspension of phycobilisomes from Synechococcus WH 8103 (data not shown). In contrast, no PE fluorescence was observed in Prochlorococcus sp. CCMP 1378, in agreement with the absence of hybridizing DNA fragments (Fig. 2B) .
DISCUSSION
This is the first report of the presence of phycobiliproteins in a prokaryote, P. marinus, also possessing an intrinsic Chl a͞b antenna. The unique pigment composition of P. marinus, which includes (divinyl-) Chl a, (divinyl-and monovinyl-) Chl b, low amounts of a Chl c derivative (14, 26) and at least one phycobiliprotein (PE), resembles a situation suggested previously for an hypothetical ancestor of prokaryotes performing oxygenic photosynthesis (10, 11) . Thus, P. marinus could derive from such an ancestral form without major pigmentary changes, whereas most other cyanobacterial descendants would have lost the ability to synthesize or use Chl b and Chl c.
Alternatively, P. marinus could have evolved more recently from marine Synechococcus-like cyanobacteria. The latter hypothesis is consistent with the phylogenetic analysis of Prochlorococcus 16S rRNA gene, which places this organism close to marine Synechococcus and other unidentified marine cyanobacteria (5) . Tentative phylogenetic trees obtained using all known cyanobacterial ␣-or ␤-PE sequences (data not shown) also suggested a closer relatedness of P. marinus PE to marine Synechococcus PE, although the low number of available sequences did not allow to draw any other meaningful phylogenetic conclusions. Further, the organization of the genes coding for the two subunits (␤ then ␣) in the PE operon, as well as the presence of a phycourobilin-like chromophore, are considered as more modern characteristics (20) . Consequently, it can be reasonably speculated that in prochorophytes the development of a constitutive Chl a͞b antenna, which derived from a cyanobacterial Chl a protein (7, 8) , allowed the disappearance of phycobilisomes in some lines (such as Prochlorococcus sp. CCMP 1378 and possibly the other two prochlorophyte genera), whereas in others lines (such as P. marinus CCMP 1375) both light harvesting systems were kept.
The precise structural organization and function of Prochlorococcus PE as well as the possible presence of other phycobilisome components remain to be investigated. In cyanobacteria, PE is situated at the periphery of phycobilisomes and transfers the energy it collects from photons to other types of phycobiliproteins. In marine Synechococcus, PE has functions both in light harvesting and in nitrogen-storage (28) and PE-III may play similar roles in Prochlorococcus. We show that in the field only populations from the bottom of the euphotic zone that are exposed to very low levels of blue light and detectable levels of nitrates contain some PE. This is consistent with the dominance of phycourobilin, a chromophore that presents a blue-shifted absorption maximum compared with phycoerythrobilin (21, 22, 25) , and the fact that the biosynthesis of phycobiliproteins requires more nitrogen than the biosynthesis of a Chl a͞b antenna [110 aa per chromophore instead of 15-16 aa per Chl for a Chl a͞b antenna (10)]. The discrepancies (27) . Residues identical to the P. marinus sequences are boldface type, functionally important amino acids mentioned in the text are in italics, conserved cysteine residues that serve as bilin attachment sites are labeled by an asterisk. The second chromophore attachment site of cyanobacterial C-PE type I, not conserved in Prochlorococcus, is double underlined.
noticed between surface and deep populations of Prochlorococcus may furthermore reflect a genetic differentiation, as suggested by the genotypic differences between P. marinus CCMP 1375, a strain isolated from 120 m depth and other Prochlorococcus strains originating from shallower layers, including Prochlorococcus sp. CCMP 1378 ( Fig. 2 ; see also refs. 14, 15, and 26).
